We report the fabrication of low-cost, high-brightness, and crack-free blue GaN light-emitting diodes on Si͑111͒ substrates with AlGaN initial buffer and two low-temperature ͑LT͒ AlN interlayers. With 20 mA current injection, it was found that the LED forward voltages were 3.5 and 4.8 V for the horizontal and vertical LEDs, respectively. It was also found that output power of the blue InGaN/GaN horizontal blue LED prepared on Si substrate was about 1.5 mW.
With a wide bandgap energy varying from 0.7 eV for InN to 6.3 eV for AlN, group III-nitrides are highly promising for various applications, such as light-emitting diodes ͑LEDs͒.
1,2 Conventional GaN-based epitaxial layers were grown either on sapphire or on SiC substrates. However, sapphire substrates are insulators with poor thermal conductivity. On the other hand, SiC substrates are much more expensive. Compared with sapphire and SiC substrates, epitaxy of GaN on Si is cost effective. Si substrates are available in large size and it is also possible to monolithically integrate GaN-based devices with Si-based microelectronics. However, large mismatches in thermal expansion coefficient and lattice constant between Si and GaN often lead to the formation of crack networks. It has also been shown that Ga reacts strongly with Si so that it is difficult to grow GaN directly on Si. Furthermore, Ishikawa et al. found that low-temperature ͑LT͒ grown GaN on Si substrates degrade rapidly upon high-temperature ͑HT͒ thermal annealing. 3 They reported that sample surface became rough with hollows and gallium droplets when the LT-GaN on Si was thermally annealed at 1050°C. 3 To overcome these problems, one can insert buffer layers in between GaN epitaxial layer and the underneath Si substrate. To our knowledge, AlAs, 4 GaAs, 5 AlN, 6 and 3C-SiC, 7 graded AlGaN, 8 Al͑Ga͒N/GaN superlattice, 9 and multi-interlayer 10 have all been used as the buffer. Among these buffer layers, AlN can effectively suppress the reaction between Ga and Si at sample surface. AlN buffer can also prevent Si from diffusing into GaN epitaxial layer. However, although AlN buffer can effectively relax the stress of GaN epilayers on silicon substrates, it does introduce new dislocations at the upper AlN/GaN interface due to the 2.4% lattice constant mismatch between AlN and GaN. These dislocations will also degrade the device performance. Compared with AlN buffer, mismatches between GaN epitaxial film and AlGaN buffer are smaller. Thus, we should be able to achieve GaN epitaxial layers with improved crystal quality. Compared with AlN, AlGaN is also more conductive which is important for vertical LEDs. It has also been shown that one can insert LT-AlN interlayer to reduce stress during cooling and to insert HT-AlN interlayer to improve crystal quality. Crack-free thick GaN epitaxial layers on Si substrates have also been successfully demonstrated. 12 In this study, we report the growth of GaN LED structure on Si͑111͒ substrates with AlGaN initial buffer and two LT-AlN interlayers. Physical, electrical and optical properties of the fabricated LEDs will also be discussed.
Experimental
The samples used in this study were all grown on Si͑111͒ substrates in a vertical metallorganic chemical vapor deposition system. [13] [14] [15] [16] In this system, we used trimethylaluminum ͑TMAl͒, trimethylgallium ͑TMGa͒, trimethylindium ͑TMIn͒, and ammonia ͑NH 3 ͒ as aluminum, gallium, indium, and nitrogen sources, respectively. Biscyclopentadienyl magnesium ͑CP 2 Mg͒ and disilane ͑Si 2 H 6 ͒ were used as the p-and n-type doping sources, respectively. Prior to loading, we first cleaned the Si͑111͒ substrate in buffered oxide etch ͑BOE͒ solutions for 10 min. After loading the substrate into the growth chamber, we first treated the Si substrate in hydrogen ambient at 1060°C, followed by the growth of a 50 nm thick HT-Al 0.3 Ga 0.7 N layer grown at 1100°C, a 10 nm thick LT-AlN layer grown at 540°C, a 60 nm thick HT-AlN layer grown at 1100°C, a 100 nm thick HT-Al 0.3 Ga 0.7 N layer grown at 1100°C, a 120 nm thick HT-GaN layer grown at 1040°C, a 10 nm thick LT-AlN layer grown at 540°C, a 60 nm thick HT-AlN layer grown at 1100°C, a 250 nm thick HT-Al 0.3 Ga 0.7 N layer grown at 1100°C, a 450 nm thick Si-doped HT n-GaN cladding layer grown at 1040°C, an InGaN/GaN multiquantum well ͑MQW͒ active region grown at 770°C, a 50 nm thick Mg-doped p-Al 0.15 Ga 0.85 N electronblocking layer grown at 1000°C, and a 50 nm thick Mg-doped p -GaN layer also grown at 1000°C. The buffer layers used in this study were all Si-doped and the carrier concentration was around 1 ϫ 10 18 to 2 ϫ 10 18 cm −3 . The MQW active region consists 7 periods of 3 nm thick In 0.23 Ga 0.77 N well layers and 15 nm thick GaN barrier layers. Figure 1a shows schematic diagram of the fabricated LED with AlGaN initial buffer and two LT-AlN interlayers. After the growth, we used transmission electron microscopy ͑TEM͒ and X-ray diffraction ͑XRD͒ to characterize crystal quality of the z E-mail: changsj@mail.ncku.edu.tw GaN-based epitaxial layers grown on Si substrates. Scanning electron microscopy ͑SEM͒ was also used to characterize surface morphology of the as-grown samples.
We then fabricated both vertical and horizontal blue LED chips using these epitaxial layers. For horizontal LEDs, we partially etched the sample surface until the n-type GaN layer was exposed. Ni/Au was subsequently evaporated onto the sample surface to serve as the p-contact. We also deposited Ti/Al/Ti/Au onto the exposed n-type GaN layer to serve as the n-contact. The epitaxial wafers were then lapped down to about 90 m prior to scribe and break. For vertical LEDs, we first deposited Ni/Au onto the front surface to serve as the p-contact. We then lapped down the Si substrate to about 90 m and then deposited Ti/Al/Ti/Au onto the backside surface to serve as the n-contact. The size of the fabricated LED chips was 350 ϫ 350 m. Current-voltage ͑I-V͒ characteristics of the fabricated devices were then measured at room temperature by an HP4156 semiconductor parameter analyzer. Electroluminescence ͑EL͒ spectra of the LEDs were then measured on wafer. We also packaged the horizontal LED chips into LED lamps. Intensity-current ͑L-I͒ characteristics of the packaged lamps were measured using the molded LEDs with the integrated sphere detector. The output powers were measured with the integrated sphere detector. Figure 1b shows cross-sectional transmission electron microscopy ͑TEM͒ picture of the entire GaN epitaxial layer grown on Si substrate. It was found that total thickness of the epitaxial film was around 1.4 m, which is close to our initial design. Figure 2 shows a scanning electron microscopy ͑SEM͒ image of the as-grown sample. It can be seen clearly that surface of the as-grown samples was smooth and crack-free. Figure 3a shows an enlarged crosssectional TEM image focused on the buffer layers of the LED. It was found that a significant amount of dislocations were generated from the interfaces between the layers. This could be attributed to the mismatches between the layers. However, it was found that interfaces between the layers were reasonably smooth. Furthermore, it was found that dislocation density decreased as we moved away from the Si substrate. Such a result indicates that threading dislocations were effectively confined by the AlGaN initial buffer and the two LT-AlN interlayers. Thus, we should be able to achieved improved crystal quality from the epitaxial layers away from the substrate. Figure 3b and c show enlarged cross-sectional TEM micrographs focused on the MQW region of the LED. It can be seen that there still exist V-shaped defects with a threading dislocation connected at the bottom. Similar V-shaped defects were also observed from GaN LED structures prepared on sapphire substrates. 17 Figure  4 shows measured XRD spectrum of the sample. Although the defect density is high, we still observed XRD satellite peaks from the sample. Such a result suggests that crystal quality of the epitaxial layer was still reasonably good. Figure 5 shows on wafer measured EL spectra of the horizontal GaN LED on Si substrate under various dc current injection. It was found that EL intensity increased with the increasing injection current. Note that no EL peak wavelength shift could be observed as we increased the injection current from 20 to 100 mA. Due to the small thermal conductivity of sapphire substrate induced heating, significant EL red-shifts were often observed under high current injection for GaN-based LEDs prepared on sapphire substrates. Compared with sapphire substrates, thermal conductivity of Si substrates is much larger. Thus, we can eliminate the EL redshifts by using the sapphire substrates. Figure 6 shows measured I-V characteristics of the vertical and horizontal InGaN/GaN LEDs prepared on Si substrates. With 20 mA current injection, it was found that the LED forward voltages were 3.5 and 4.8 V for the horizontal and vertical LEDs, respectively. The much larger forward voltage observed from the vertical LED should be attributed to the highly resistivity of the HT-AlN layers. Figure 7 shows measured L-I characteristics of the packaged horizontal GaN-on-silicon LED lamp. Similar to the on wafer measurement result shown in Fig. 5 , it was found that the output power of GaN LED on Si substrate increased as we increased the injection current. 18 With 20 mA current injection, it was found that output power of the blue InGaN/GaN horizontal LED prepared on Si substrate was about 1.5 mW. We also packaged the vertical GaN-on-silicon LED lamps. However, it was found that vertical LED died easily when the injection current was higher than 40 mA. We also measured reliability of the packaged horizontal GaN-on-silicon LED lamp. During life test measurements, we injected 30 mA dc current into the packaged lamp at 50°C. After 72 h, it was found that output power only decreased by around 2%. Such a result indicates that the fabricated devices are highly reliable.
Results and Discussion

Conclusion
Low-cost, high-brightness, and crack-free blue GaN LEDs were prepared on Si͑111͒ substrates with AlGaN initial buffer and two HT-AlN interlayers. No EL peak wavelength shift could be observed under high injection current. With 20 mA current injection, it was found that the LED forward voltages were 3.5 and 4.8 V for the horizontal and vertical LEDs, respectively. It was also found that output power of the blue InGaN/GaN horizontal blue LED prepared on Si substrate was about 1.5 mW. 
